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Summary
Objectives: Although accurate spatial measurement of cartilage thickness from MRI is possible, no studies have assessed the accuracy of
measuring cartilage defect dimensions from MRI. In addition, current MR grading scales for assessing cartilage lesions have limited
categories, and little is known about how well these scales correlate with histological assessment of the lesion. The objective of this
preliminary study is to address both these issues.
Methods: We performed two experiments on four cadaver knee joints from elderly donors: Experiment 1 assessed the accuracy of measuring
controlled defects in cartilage, and Experiment 2 compared MRI grading (Noyes scale) of natural cartilage lesions to histological grading
(Mankin scale) of the sectioned cartilage tissue. MRI was performed on 1.5 T clinical scanner (fat-suppressed 3D-SPGR at TR/TE/α=55/
13.5/45 and 256×256 matrix).
Results: The mean difference between defect diameters measured and introduced was less than 0.1 mm, which was statistically insignificant
(P0.754). Defect depth was less accurate at >0.4 mm, significantly under predicting actual defect depth (P0.004). Correlation between
Noyes grading scores and Mankin grading scores of natural lesions was moderately high (r0.7) and statistically significant (P0.001).
Conclusions: Three-dimensional mapping of cartilage thickness shows great promise for the accurate measurement of focal cartilage
defects, though improvement is needed. The Noyes grading scale is consistent with histological Mankin grading of cartilage lesions, though
enhancement of MR grading scales is needed, and warranted, based on the signal intensity information available from clinical MRI.
Integration of these two analyses—focal defect measurement and signal intensity analysis—could potentially result in a valuable clinical tool
for early osteoarthritis diagnosis and longitudinal tracking.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Science Ltd. All rights reserved.
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Introduction
MR imaging has shown great potential for detecting focal
articular cartilage (AC) defects1–9. Studies comparing de-
fect detection from MRI to arthroscopy show high sensitivity
and specificity for full and partial thickness defects4,5,9,10,
but are less amenable to detecting small defects and
surface fibrillation. Recent advances in three-dimensional
(3D) spatial mapping of AC may further enhance lesion
detection, and provide a means of measurement for track-
ing disease status of individuals, and response to thera-
pies. However, to our knowledge no studies have applied
these spatial mapping techniques for the assessment of
focal AC defects.
Others have assessed MRI techniques for revealing
histological characteristics of AC11–14, which can be poten-
tially valuable when surface lesions are not detectable.
These characteristics are generally revealed by altered
signal intensity within the cartilage layer. Grading scales
used to assess osteoarthritic (OA) severity from MRI, such
as the Noyes grading scale, typically have few categories
that are limited to describing the extent of thickness defect.
We have observed, in some cases, where severe signal
intensity aberrations were apparent without thickness
defect, bringing into question the validity of the limited
categories that comprise MRI grading scales.
The purpose of this study was two-fold: (1) to evaluate
the accuracy of a spatial mapping technique for sizing focal
AC defects, and (2) to evaluate the relationship between
MRI grading and histological grading of focal AC lesions.
Although it would be desirable to measure the size of
natural defects from spatial mapping, it is very difficult (and
probably unreliable) to physically measure these defects
for comparison. However, grading of cartilage defects and
histological study is only meaningful when performed on
natural lesions. Therefore, accomplishing our objectives
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required two separate experiments. Experiment 1 was
performed to measure accuracy of defect depth and
diameter predicted by the spatial mapping technique for
artificially created defects of known depth and diameter.
Experiment 2 was performed to determine the relationship
between AC lesion grading using the MRI based Noyes




Four fresh frozen knee joints from elderly donors were
acquired from the Harvard Medical School’s pathology
laboratory. The samples consisted of both knees from one
individual (Specimen #1: 100-year-old female), and a
single knee from two other individuals (Specimen #2:
51-year-old female and Specimen #3: 84-year-old female).
The knee joints were dissected to completely expose the
articular surfaces. The two single knees (Specimens #2
and #3) were each sagittally sectioned in the mid-coronal
plane to separate the lateral and medial condyles, while the
bilateral knees (Specimen #1) were kept whole. To avoid
dehydration of the cartilage, all specimens were immedi-
ately placed into a saline bath as soon as they were
excised from the cadaver limbs. Specimens were exposed
to air only while articular surfaces were being inspected,
and were immediately returned to the saline bath. Speci-
mens were then wrapped in allograft bags and placed in the
−40°C freezer until they could be imaged.
Gross observation of cartilage surfaces revealed minor
surface roughness, but no appreciable degeneration, in
Specimen #2. Therefore, nine surface defects were arti-
ficially introduced in random locations to both the medial
and lateral condyles with sizes ranging from 1 to 5 mm, with
varying depth (this was performed just prior to imaging).
Specimen #3 exhibited appreciable surface fibrillation and
focal lesions on the lateral condyle, while the medial
condyle exhibited some surface fibrillation but no detect-
able surface defects. Specimen #1 exhibited extensive
eburnation on both condyles and patellar facet of each
knee. A 3D reconstruction of this knee from the MRI data is
shown in Fig. 1, showing a light shaded surface rendering
[Fig. 1(a)] along side a thickness shaded rendering
[Fig. 1(b)]. Because there were numerous natural defects,
no artificial defects were introduced to either Specimen #3
or Specimen #1.
IMAGING PROTOCOL
All specimens were imaged with a frequency-selective
fat-suppressed (FS) 3D-SPGR (spoiled gradient-recalled in
the steady state) pulse sequence in a 1.5 T Signa clinical
scanner (GE Medical Systems, Milwaukee, WI) with gradi-
ent amplitude of 23 mT/m. Sequence parameters were
TR=55 ms, TE=13.5 ms, Flip angle=45°, Matrix=256×256,
NEX=2, and ±16 kHz bandwidth. The medial and lateral
condyles from Specimens #2 and #3 were imaged at a
FOV=80 mm (giving spatial resolution of 0.31×0.31 mm)
and slice thickness=1 mm, in the anatomical coronal plane.
The left and right knees from Specimen #1 were imaged at
FOV=100 mm (giving spatial resolution of 0.39×0.39 mm)
and slice thickness=1.5 mm, due to larger size of these
specimens, in the anatomical sagittal plane.
Specimens were prepared for imaging as previously
described17,18. Prior to imaging, specimens were thawed in
a saline bath (at this point defects were introduced in
medial and lateral condyles of Specimen #1) and then
mounted in a clear, cylindrical container, filled with 10%
phosphate buffered saline. The container was placed within
a phased-array transmit–receive extremity coil (GE Medical
Systems), and cross-hairs engraved on the container lid
allowed precise alignment of the specimen with the mag-
netic field of the MR scanner. Scan time was 11 min and
19 s, and signal-to-noise ratio was 15 (mean cartilage
signal divided by standard deviation of fluid signal).
THREE-DIMENSIONAL RECONSTRUCTION
Alice 4.0 software (PAREXEL International Corp.,
Waltham, MA) was used to semi-automatically segment
images, as described elsewhere19. Segmented images
(containing the AC only) were then processed with custom
written programs in PV-Wave (Visual Numerics Corp.,
Boulder, CO). This process consisted of separating the
segments into outer and inner surface edges, constructing
a 3D grid of outer and inner surfaces, and calculation of
spatial thickness (distance between outer and inner sur-
faces). For thickness calculation, the computer program
first fits a 3rd order polynomial to a small section of the
longitudinal grid line (for the outer and inner surface
edges). The minimal distance, referenced to the mid-point
of outer surface normal line between the outer and inner
lines, was defined as the thickness, as previously de-
scribed18,20. The process was then repeated for the trans-
verse grid lines (along the slice dimension), which corrects
for the surface obliquity slicing and gives true 3D thickness
measures referenced at each note of the grid18,20.
EXPERIMENT 1: ARTIFICIAL DEFECTS AND DEFECT MEASUREMENT
Artificial defects were introduced into the surfaces of
medial and lateral condyles of Specimen #2 prior to imag-
ing. A total of 10 defects were placed at random on each
specimen, for a total of 20 defects. Three different drill bits
were used to create 18 of the defects: 1, 2.5 and 5 mm. An
additional shallow defect was introduced into each speci-
men using a scalpel blade: the defect was 11 mm long in
one condyles and 6 mm long in the other condyle. For the
drill bit defects, depth was controlled using a rubber stopper
placed on the drill bit, so as not to damage the joint surface.
After the defect was introduced with the drill bit, it was
carefully inspected for tissue abrasion, typically appearing
as ‘strands’ of cartilage. A scalpel was used to carefully
remove any ‘strands’ or abrasions, and the specimen was
thoroughly flushed with saline solution. Defect depths used
were 0.5 mm, 1 mm, 2 mm and full thickness defect. Due to
the conical shape of the drill bit end, a defect depth of
0.5 mm was only possible for the smallest drill bit size. The
diameter and depth of each defect was recorded.
Three-dimensional cartilage thickness maps were
created for the specimens as previously described18 and
summarized above. An additional utility was created for the
purpose of this investigation: the ability to zoom in on a
specified area of the cartilage surface and take measure-
ments of the defect dimensions, namely defect diameter
and depth [Fig. 1(c)]. Each identified defect was measured
using this utility, and compared to the known defect
dimensions that were introduced.
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EXPERIMENT 2: NATURAL LESION GRADING AND HISTOLOGY
Planar MR images of Specimen #1 (left and right knees)
and #3 (medial and lateral condyles) were carefully re-
viewed by one investigator for signal intensity aberrations
and thickness defects consistent with the MR appearance
of cartilage degradation. On selected images that con-
tained at least one defect, the defect position was marked
on a hardcopy of the image and another site selected on
the same image which indicated no degeneration. A total of
20 sites were selected in this manner, and given a code
number. The same investigator then graded each site
based solely on the Noyes grading scale15, which is a
standard arthroscopy grading scheme for cartilage defects,
often used in MRI studies4,5: 0=no fibrillation or defect;
1=fibrillation with no defect; 2=partial thickness defect
<50%; 3=partial thickness defect >50% but less than full;
4=full thickness defect.
Because the specimens were imaged in a specially
designed container that allowed complete control of the
specimen’s position in the scanner18, the locations of the
image-identified lesions were easily found on the speci-
mens. Sections of cartilage and bone, 2–2.5 mm thick,
were acquired at all 20 sites from Specimens #1 and #3,
corresponding to the regions of apparent and non-
apparent degeneration from MRI. The tissue sections
were then placed in labeled jars which identified only the
section code number, and fixed in 10% buffered formalin.
The specimen jars were then handed over to the second
investigator, who was completely blinded to the MRI
images.
Fig. 1. Features of the 3D reconstruction model, as applied to a knee joint with severe OA degeneration. (a) The knee joint shown as a light
shaded surface rendering. (b) The same knee joint shown as a cartilage thickness distribution map. (c) A zoomed in region of the surface
detailing surface contours which can be measured by the user. The edge dimension refers to the vertical (longitudinal) dimension along the
surface of the joint as defined by the MR image plane, and the slice dimension refers to the horizontal (transverse) dimension across
the slices.
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Sections were fixed for 24 h, followed by overnight de-
calcification using a formic acid/sodium citrate solution. The
decalcified tissue was briefly rinsed in water, processed
and embedded in paraffin. Sections were cut at 5 µm,
mounted on glass slides and stained with Safranin-O, a
histochemical stain that has a direct relationship with the
amount of mucopolysaccharide in the cartilage matrix21.
The semi-quantitative Mankin scale was used to assess the
presence and severity of OA changes in the cartilage. This
scale is based on the scoring of four parameters: cartilage
integrity, cellular features, the intensity of Safranin-O
present in the matrix and the integrity of the tidemark. The
scoring is progressive (0–14) in that the higher the score
the more severe the disease16. The first investigator
remained completely blinded to the histology grading
process, which was performed solely by the second inves-
tigator. Once histology grading was complete, the Mankin
grades were compared to the Noyes grades.
Results
EXPERIMENT 1: ARTIFICIAL DEFECT MEASUREMENTS
Of the 20 artificial defects introduced in the lateral and
medial condyles of Specimen #2, three were near the edge
of the field of view during imaging, but still visible. The
remaining 17 defects were easily detectable on the 3D
thickness maps. Defect diameters predicted from the
model correlated strongly with the actual defect diameters
(r0.92, P<0.001) but were generally less than the actual
dimensions, and absolute diameter errors were typically
larger for larger defect diameters (r0.64, P0.008). There
was, however, no statistically significant difference in defect
diameter between spatial mapping measurement and the
actual diameter artificially introduced using a paired
samples t-test (mean difference 0.09 mm, P0.754). There
was, however, a more pronounced error (under predicting)
in defect depth: although the error was not substantial it
was significant (mean difference 0.42 mm, P0.004). Fur-
thermore, neither was a statistically significant correlation
detected for spatial mapping measurement of defect depth
and the actual depth introduced (r0.20, P0.34), nor was
there a significant relationship between measured depth
and absolute depth error (r0.34, P0.17).
Figure 2 shows a representative defect measurement
from a spatial map. The defect shown (top left) was created
with a 2.5 mm drill bit, and taken full depth (1.5 mm). The
conical shape of the drill bit end is clearly seen. The
in-plane measurement for this artificial defect, taken
directly from the segmented MR image (top right), confirms
the defect size: 2.5 mm in diameter and 1.56 mm in depth.
The defect size predicted by the computer model was
2.14 mm in diameter and 1.06 mm in depth. This was
derived as the average of the measurement along the edge
coordinate axis (2.64 mm in diameter and 0.99 mm in
depth) and the slice coordinate (1.65 mm in diameter and
1.12 mm in depth).
EXPERIMENT 2: NATURAL LESION GRADING
Tables I and II summarize the evaluations of selected
cartilage sites by the two blinded investigators. Table I
summarizes the description of MR appearance, apparent
morphological state (based on MR) and the Noyes grading
scores, for each of the 20 selected sites. Table II summa-
rizes the description of histological appearance, and
Mankin grading scores, for the same 20 selected sites.
Figure 3 shows the regression line for the correlation
between the Noyes and Mankin scores. Statistical analysis
revealed the regression to be significant (r0.7, P0.001).
The regression line coefficients were found to describe an
equation of the following form: M2.723N2.458, where
M represents the Mankin score and N represents the
Noyes score.
There was general agreement between the morphologi-
cal state of the tissue based on MR appearance, and
histological description of the tissue, however, some im-
portant differences were also found. An example of two MR
slices from left and right knees of Specimen #1, with two
selected sites, are shown in Figs. 4 and 5, respectively. The
inset text in Fig. 4 gives the Noyes (N) grade and the
Mankin (M) grade for sites A and B. Numbers in paren-
theses below the scores are normalized (100×N/4 and
100×M/14). For site A, the Noyes grade was 1 (25) and the
Mankin grade was 7 (50). The higher Mankin grade was
based largely on the obvious cleft in superficial cartilage,
which was not detectable by MRI. The Noyes grade here
was based on the loss of signal with no thickness defect.
For site B, the Noyes grade was 0–1 (0–25∼12.5) and the
Mankin grade was 1 (7). The slightly higher score by Noyes
grading was based solely on the fact that the scale has a
more limited range of values, and also that there appeared
to be a focal loss of signal not apparent on the histological
slide.
Figure 5 shows an MR slice from the right knee. For site
A, the Noyes grade was 2 (50) and Mankin grade was 5
(36). The MR appearance gave the impression of surface
fibrillation with partial thickness defect, while the histologi-
cal appearance identified only a small cleft with some
surface abnormalities. Site B gave a particularly interesting
finding, both from MR appearance and histological appear-
ance. From the MR image, the defect appeared predomi-
nantly sub-surface with only minor signal loss above and
below. The Noyes scale does not have a category for this,
so it was scored 1–2 (25–50∼37.5). The histological slide
gave a clear impression that bone or similar calcification
was present within the cartilage. However, because this
characteristic is not part of the Mankin scale either, the
score of 6 (43) was based on loss of staining and presence
of a double tide mark. Interestingly, the resulting Noyes and
Mankin scores were similar to one another at this site.
Discussion
The use of a non-invasive technique for detection,
measurement and biochemical assessment of cartilage
lesions has great appeal from a clinical standpoint. Accu-
rate spatial mapping of AC thickness could enable the
quantification of focal regions of thinning that could be
tracked longitudinally to monitor the effects of rehabilitation
treatments. However, the natural history of OA progression
involves more than just thickness defects. One of the first
signs of degener-
ation is fibrillation of the longitudinal collagen fibers that
comprise the articular superficial surface. The superficial
surface, however, is only a dozen or so micrometers thick,
and the smallest geometrical change that MRI can likely
detect is on the order of a few hundred micrometers
(0.2–0.3 mm)18,22. Thus it is also important that MRI
techniques account for the signal intensity aberrations of
the tissue, which appear to have some relationship to
the biochemical properties of the cartilage. Combining
accurate thickness determination with signal interpretation
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could result in a useful diagnostic tool.
DETECTION AND MEASUREMENT OF CARTILAGE LESIONS
In an early report, Karvonen et al.2 reported that MRI
detection of chondral lesions agreed well with gross pathol-
ogy. Others, however, reported subsequently that the sen-
sitivity and specificity of MRI for detecting cartilage lesions
was low, having limited clinical potential23,24. Advance-
ments in pulse sequence design, specifically the use of FS
gradient echo (GRE) images (such as FLASH and SPGR),
improved the ability to detect lesions considerably3,7,9,10,25.
Others have reported very good results with fast spin–echo
(FSE) sequences4,5. In these latter studies, sensitivity and
specificity for detection and grading of lesions (compared to
arthroscopy) was very high. More recently, 3D echo planar
imaging (EPI) sequences have been shown comparable to
3D GRE images for detecting cartilage lesions26,27.
While the above studies have shown that MRI is clinically
useful in grading cartilage lesions, some important ques-
tions still remain: how accurately can lesion size be deter-
mined? Can changes in lesion size be detected over time?
The grading scales used in these studies, similar to the
Noyes grading scale used in the present study, are based
on arthroscopic grading scales. The transition from a grade
Fig. 2. Defect size measurement for an artificially created defect from one of the knee specimens. The defect created was 2.50 mm in
diameter and 1.50 mm in depth. Top left: An MR image showing the defect. Top right: The defect dimensions as measured from the in-plane
image (shown segmented for clarity). This defect measured 2.50 mm in diameter and 1.56 mm in depth. Bottom: A zoomed map of the
artificially created surface defect showing spatial thickness contours. A measurement tool is used to measure the dimensions (diameter and
depth) across the defect, horizontally and vertically, which can then be averaged to present the defect dimensions. The defect as measured
by the computer tool was 2.15 mm in diameter and 1.06 mm in depth. The edge dimension refers to the vertical (longitudinal) dimension
along the surface of the joint as defined by the MR image plane, and the slice dimension refers to the horizontal (transverse) dimension
across the slices.
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2 score (less than 50% thickness defect) to a grade 3
score (greater than 50% thickness defect) depends on the
ability to measure the defect depth. Other factors, such as
lesion diameter can also be an indicator of progressive
degeneration, however, the score would not change if the
depth remained unchanged. Furthermore, both these
measurements (depth and diameter) can be affected by the
location of MR image plane relative to the curved surface
Table I
Specimen defect assessment from MRI (scoring based on Noyes15 grading scale (0–4))
Specimen
code
MR appearance Morphology assessment based on MR Noyes
grade
K1-S9-16A Loss of MR signal intensity at superficial zone Some surface fibrillation w/no thickness defect 1
K1-S9-16B MR signal bright and homogenous, small focal signal loss No visible defect or degeneration, small
sub-surface defect
0–1
K1-S9-36A Loss of MR signal in transitional and deep zone Partial-to-full thickness defect 3–4
K1-S9-36B Loss of MR signal in superficial zone and dark signal in
radial zone
Extensive surface fibrillation with partial thickness
defect
2–3
K1-S9-36C MR signal bright and homogenous No visible defect or degeneration 0
K1-S9-41A MR signal bright and homogenous No visible defect or degeneration 0
K1-S9-41B Circumferential loss of MR signal only in transitional zone Surface roughness, no thickness defect,
sub-surface defect
1–2*
K1-S4-18A Loss of MR signal in transitional zone, appearance is
nodular
Surface roughness, no thickness defect,
sub-surface defect
1–2*
K1-S4-18B Minor loss of superficial signal, other bright and
homogenous
No visible defect, minor surface fibrillation 0–1
K1-S4-18C Loss of MR signal in superficial zone Surface fibrillation, no thickness defect 1
K1-S4-21A Loss of MR signal in superficial zone Surface fibrillation, partial thickness defect 2
K1-S4-21B Circumferential loss of MR signal only in transitional zone,
extensive
Surface roughness, no thickness defect,
sub-surface defect
1–2*
K1-S4-45A Circumferential loss of MR signal only in transitional zone,
minor
No thickness defect, sub-surface defect 1–2*
K1-S4-45B Minor loss of superficial signal, other bright and
homogenous
No visible defect, minor surface fibrillation 1
K3-S2-9A Loss of signal at superficial surface Extensive surface fibrillation, partial thickness
defect
2
K3-S2-9B MR signal bright and homogenous No visible defect or degeneration 0
K3-S2-13A No signal loss Surface defect, partial thickness 2
K3-S2-13B MR signal bright and homogenous No visible defect or degeneration 0
K3-S2-19A Minor loss of signal throughout Small surface defect 2
K3-S2-19B MR signal bright and homogenous No visible defect or degeneration 0
*Subsurface defect not on Noyes grading scale, thus scored as 1–2.
Table II
Specimen defect assessment from histology (scoring based on the Mankin16 grading scale (0–14))
Specimen
code
Assessment based on histology Mankin
grade
K1-S9-16A Cleft to transitional zone; cloning; slight decrease in stain; some areas of double tide mark 7
K1-S9-16B Slight loss of stain 1
K1-S9-36A Complete disorganization, loss of chondrocytes, complete loss of Safranin-O, disruption of tidemark 14
K1-S9-36B Clefts to the transitional zone, cloning, severe loss of Safranin-O 11
K1-S9-36C Surface irregularity; may have double tide mark 2
K1-S9-41A Surface irregularity; slight loss of stain; double tide mark 3
K1-S9-41B Clefts to the transitional zone, hypocellularity, severe reduction of stain. May have bone forming in the transi-
tional zone
9
K1-S4-18A Surface area completely worn away; cleft to transitional zone; slight cloning and double nuclei; slight reduc-
tion stain
5–6
K1-S4-18B Surface frayed; moderate reduction of stain; may be cleft to transitional zone 5
K1-S4-18C Cleft to bottom of transitional zone; clones; slight reduction in stain 7
K1-S4-21A Small cleft, may be due to freezing artifact; some cloning, some loss of stain and surface irregularities 5
K1-S4-21B Lesion in transitional zone appears to have bone; loss of stain; faint double tidemark 6
K1-S4-45A Lesions (clefts) to mid-transitional zone; clones slight to moderate; decrease in stain; slight double tide mark 8
K1-S4-45B Pale staining; surface irregularity 3
K3-S2-9A Complete loss of superficial zone; cleft to bottom of transitional zone; double tide mark; stain loss in transi-
tional zone
7–8
K3-S2-9B Lack of staining; few cells; surface irregularities 2
K3-S2-13A Cleft to transitional zone; cloning moderate; tidemark compromised 8
K3-S2-13B Loss of stain in transitional zone; surface irregularities 4
K3-S2-19A Surface irregularities 1
K3-S2-19B Surface irregularities; some cloning; surface defect but may be artifact 2
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containing the lesion of interest. We18,20 and others28,29
have shown that oblique slicing of curved surfaces can
result in significant over-prediction of thickness. As one of
the objectives of this study, we wished to answer the first
question posed above: how accurately can lesion size be
determined?
Our results suggest that, on average, the diameter of
artificially induced cartilage defects could be measured to
an accuracy less than a pixel dimension, such that there
was no statistical difference between the size of induced
defect and measured defect. Of course, it remains to be
seen whether this is clinically significant. Given that the
grading scales currently used do not include defect diam-
eter as a parameter, it would appear that the ability to
accurately size defect diameter has no clinical significance.
The most important parameter in terms of currently used
grading scales, defect depth, unfortunately was not as
accurately measured as defect diameter. This is probably
due to limitations of the 3D reconstruction model to accu-
rately portray sudden changes in geometry. It is assumed
that this could be improved simply by adjusting the model
parameters to be more sensitive to these changes, so this
should not be considered a rate limiting step; however, the
conical shape of the drill bit end may also have affected
depth accuracy, considering that depth was consistently
underestimated. Although we took great care to ensure
adequate hydration of tissues, cartilage dehydration might
also have had an effect on model predictive accuracy.
Figure 2 illustrates some of these limitations. Comparing
the actual defect size to the in-plane measured defect size
revealed only a small difference in depth, owing to pixel
resolution. It is worth noting, however, that in this case the
defect was located on the surface approximately normal to
the image plane (thus reducing size distortion due to
oblique intersection), and the image plane passed through
the middle of the defect (thus registering its true diameter).
In general, this cannot be expected to occur when taking
measurements directly from the MR images. The spatial
mapping technique eliminates these problems; however, as
seen by the difference in diameter from edge and slice
directions, it is clear that limitations in slice thickness can
have an effect on defect diameter accuracy in the slice
direction.
It is also interesting that predicted defect diameter was
positively related to the absolute error in defect diameter
(more accurate diameters were predicted for smaller de-
fects), as one might expect, but no such relationship was
observed for defect depth. This suggests that the depth
errors were highly random in nature, owing more probably
to limitations in spatial resolution (particularly in the slice
direction) and the computer model’s limitations in handling
sudden geometric changes.
Although more work is needed to enhance computer
based measurement of defect depth in clinical MRI, we
conclude that defect diameter measures are sufficiently
accurate within the confines of spatial resolution proffered
by current clinical scanners. This evidence justifies a rec-
ommendation to expand current grading scales to also
include lesion diameter (and potentially, depth) as a grad-
ing parameter. This would also allow for more thorough
comparison of lesions when patients return for follow-up
examination.
RELATIONSHIP BETWEEN MR GRADING AND HISTOLOGY
The appearance of differing intensity zones from MR and
its relationship to zonal histological regions has been the
source of some debate. Some early studies identified
two-to-four zones on MR images of cartilage that appeared
to be correlated with histological zones12,30,31. Others have
refuted these findings as artifact due to truncation ef-
fects32,33. Whether or not the appearance of healthy carti-
lage is represented by laminar zones of signal intensity,
other studies show clear evidence that focal signal intensity
abnormalities (generally hypo-intense) correlate with carti-
lage abnormalities, as determined by arthroscopy4,5,9 or
histological examination13,34–36.
Our study appears to support the growing body of
evidence that signal intensity abnormalities visible on MRI
correlate with abnormal biochemical properties of OA
cartilage. Although the correlation we found between the
Noyes grading scores and Mankin grading scores was
moderately high, r0.7, when expressed as a coefficient of
determination, r20.5, we see that only 50% of the vari-
ance in Mankin score was explained by variance in Noyes
score, or vice versa. This suggests room for improvement
of MR grading scales, consistent with our recommendation
of incorporating measurement of lesion diameter as part of
a grading scheme. Figures 4 and 5 show the limitations of
spatial resolution for differentiating grade 1 and 2 Noyes
lesions. Figure 4, in particular, illustrates a cleft clearly seen
in the histology slide, but not appearing as a well defined
cleft in the MR image. As such, the lack of a stronger
correlation may have been due to the few number of grade
3 and 4 lesions detected, which is something a larger study
with more samples may remedy. It is also worth noting that
‘magic angle’ effect with MRI may result in misinterpretation
of high signal intensity of tissues oriented 55° to the
magnetic field37.
In the Results section we showed the linear regression
equation between the two sets of scores. The slope co-
efficient, ∼2.5, represents the fact that the Noyes scale has
only five values (0–4) and the Mankin scale has 15 values
(0–14). The constant term, ∼2.7, suggests that the Noyes
Fig. 3. Scatter plot and regression line of the relationship between
Noyes grading scale and Mankin grading scale of 20 selected sites
on three knees. The correlation coefficient of the two independent
measures was r0.7.
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grade of 0 (no degeneration) was not consistent with the
Mankin grade at low scores; in other words, the histological
analysis predicted scores >0 for all sites. It should be
noted, however, that Mankin scores below 3–4 can simply
indicate age-related and not disease-related properties.
Despite the shortcomings described above, and in ac-
knowledgement of this being a preliminary study, the two
grading methods, though fundamentally different, were
relatively consistent.
This preliminary study did not analyze sufficient lesions
from different specimens to conclude with any certainty that
a true relationship exists between Noyes and Mankin
scores, and we do not have enough data to perform
detailed analyses on how the Noyes type grading scales
could be enhanced to better correlate with histology. For
instance, in the examples provided in Figs. 4 and 5, certain
details regarding the attenuation of signals and their pat-
terns (such as sub-surface defects) could help further
refine the MR grading scheme, as previously suggested by
Drape et al35. Future studies will be required before such
advancements can be made. Improvements in spatial
resolution of clinical MR scanners could also greatly en-
hance the utility of MR grading schemes, particularly when
larger FOV is required to image the entire joint. It is also
necessary to have more than one blinded grader for both
MRI and histological analyses to access the reliability of
both Noyes and Mankin rating systems.
PULSE SEQUENCE CONSIDERATIONS
It is important to note that 3D GRE sequences, such as
the pulse sequence we chose (3D FS SPGR), are not the
Fig. 4. An example of MR appearance of two selected sites on a single image from the left knee of a 100-year-old female, with corresponding
histological stained micrographs of the two sites. The inset table shows the Noyes (N) and Mankin (M) grades of the sites. Numbers in
parentheses are the scores normalized to a 0–100 scale for comparison purposes.
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only sequences capable of detecting cartilage defects.
Recent studies have compared 3D T1-weighted GRE pulse
sequences (such as SPGR) to 3D T1-weighted EPI pulse
sequences26,27. These studies have found 3D FS EPI to be
comparable to 3D FS GRE sequences for detecting carti-
lage lesions, with the added advantage of EPI sequences
being four times as fast as GRE sequences. In addition,
Karantanas et al.26 found that while 3D FS GRE sequences
provided superior measurement accuracy of cartilage de-
fect diameters, they were inferior to 3D FS EPI sequences
in accurately depicting cartilage defect depth. Although
Karantanas et al. used large (∼6 mm2) defects, and we did
not use EPI sequences, our findings support the contention
that the 3D FS SPGR sequence has limitations for
measuring cartilage defect depth.
Regarding the interpretation of signal intensity abnor-
malities, one must consider the importance of TE selection.
T1-weighted GRE (such as SPGR) sequences, though
excellent for depicting the cartilage surface, have limi-
tations in depicting abnormalities in signal intensity with the
cartilage itself, particularly at low TE. The relatively longer
TE we used (13.5 ms) was probably better for depicting the
Fig. 5. An example of MR appearance of two selected sites on a single image from the right knee of a 100-year-old female, with
corresponding histological stained micrographs of the two sites. The inset table shows the Noyes (N) and Mankin (M) grades of the sites.
Numbers in parentheses are the scores normalized to a 0–100 scale for comparison purposes.
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internal signal intensity variations in the cartilage, but may
be less feasible in patient imaging where better contrast is
needed to distinguish between cartilage and joint fluid38.
Although T2-weighted FSE sequences are reported to
provide superior cartilage/joint fluid contrast and detection
of isolated matrix damage4,5, spatial resolution limitations
with FSE may render measurement of defect size more
inaccurate than with T1-weighted GRE sequences.
Conclusions
Despite the limitations of this preliminary study, we
conclude that 3D mapping of cartilage thickness shows
great promise for the accurate measurement of focal carti-
lage defects, though more research is needed to develop
optimized pulse sequences, and devise model enhance-
ments that are sensitive enough to surface defects, while
not overly sensitive as to generate false defects. We also
conclude that the Noyes grading scale is fairly consistent
with histological Mankin grading of cartilage lesions, but
that improvements in these MR grading scales is needed,
and warranted, based on the available information provided
by clinical MRI. Our findings, however, support the idea that
integration of these two analyses—focal defect measure-
ment and signal intensity analysis—could potentially result
in a valuable clinical tool for early OA diagnosis and
longitudinal tracking.
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